Transparent conductive oxides for the epsilon-near-zero Tamm plasmon polaritons by Rashid G. Bikbaev et al.
Research Article Journal of the Optical Society of America B 1
Transparent Conductive Oxides for the
Epsilon-Near-Zero Tamm Plasmon Polaritons
RASHID G. BIKBAEV1,2,*, STEPAN YA. VETROV2,1, AND IVAN V. TIMOFEEV1,2
1Kirensky Institute of Physics, Federal Research Center KSC SB RAS, Krasnoyarsk 660036, Russia
2Siberian Federal University, Krasnoyarsk 660041, Russia
*Corresponding author: bikbaev@iph-krasn.ru
Compiled September 17, 2019
We demonstrated the possibility of using transparent conducting oxides (AZO, GZO, ITO) to form Tamm
plasmon polaritons in the near-infrared spectral range where the permitivity of oxides is near-zero. The
spectral properties of the structures have been investigated in the framework of the temporal coupled
mode theory and confirmed by transfer matrix method. It was found that in the critical coupling condi-
tions the maximal Q-factor of a Tamm plasmon polariton is achieved when photonic crystal is conjugated
with the AZO film, while at the conjugation with the ITO films the broadest spectral line is obtained. The
sensitivity of the wavelength and spectral width of the Tamm plasmon polariton to changes of the oxide
film thickness, the bulk concentration of a dopand and the angle of incidence are demonstrated. © 2019
Optical Society of America
http://dx.doi.org/10.1364/ao.XX.XXXXXX
1. INTRODUCTION
In recent years, much attention has been paid to the Tamm plas-
mon polariton (TPP), which represents a standing surface wave
that does not transfer energy [1]. Such a wave can be formed at
the interface between two reflecting media, e.g., a photonic crys-
tal (PC) and a planar metallic film in case of normal incidence
of light on the structure. In this case, the field amplitude at the
TPP wavelength is localized at the interface between media and
exponentially decreases on both sides. In the energy spectra
of a sample, the TPP can be seen as a narrow peak [2–4]. The
spectral properties of the TPP can be controlled by varying the
lattice parameters [5] or metallic film material [6]. The TPPs gave
rise to the fundamentally new type of devices, which includes
absorbers [7–10], switches [11], organic solar cells [12], thermal
emitters [13, 14], sensors [15, 16] and spontaneous emission
amplifiers [17]. In addition to metal, the resonant nanocompos-
ite materials can be used as a material with negative dielectric
permittivity for TPP excitation [18–22]. Moreover, by these mate-
rials TPPs can be formed when the real part of the permittivity is
near-zero (ENZ) in visible wavelength range. In this case, unlike
conventional TPP, the localized state is realized in the spectral
region in which the real part of dielectric permittivity is several
orders of magnitude smaller than its imaginary part. Thus the
reflection of the ENZ material is largely determined by the imag-
inary part of the dielectric permittivity [23]. Therefore, the use
of such materials broadens the understanding of TPP and the
environment for its implementation. Another example of mate-
rials with near-zero permittivity in addition to nanocomposite
are transparent conducting oxides (TCO), e.g. ITO (Indium tin
oxide), AZO (Aluminium doped zinc oxide), and GZO (Gallium
doped zinc oxide).
These oxides are an alternative to the classical plasmon ma-
terials, such as silver and gold [24–29]. They are attractive due
to the possibility of implementing the high nonlinearity [30–
32], designing modulators [33] and polarization devices [34],
bending the wave front [35] and creating absorbers [36] and
insulators [37]. All this was obtained due to the unique disper-
sion properties of the TCOs in the epsilon-near-zero wavelength
range. In this work, we show the possibility of using these mate-
rials to form TPPs and control their spectral properties. It should
be noted that the use of TCO allows to obtain localized states in
the near-infrared spectral range where permittivity of the oxides
is near-zero. Therefore, the results are new in comparison with
the works already performed on this topic [38, 39] The formation
of ENZ TPP in this spectral range makes it promising to use the
proposed model for using it as photonics elements with tunable
optics properties.
2. MODEL DESCRIPTION
We consider a PC structure that represents a layered medium
bound by a finite TCO layer (Fig. 1).
The PC unit cell is formed from materials a and b with layer
thicknesses da and db and permittivities εa and εb. The PC struc-
ture is here in after assumed to be placed in vacuum.
The permittivity of TCOs in the wavelength range from 0.3
to 2 µm can be described by the Drude–Lorentz model [24]:
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Fig. 1. Schematic representation of PhC bounded by TCO
layer.
ε(ω) = ε0 −
ω2p
ω (ω+ iγ)
+
f1ω21
ω21 −ω (ω+ iγ1)
. (1)
The Drude parameters for different TCOs materials are
shown in table 1.
Table 1. Drude parameters for TCOs materials
TCO ε0 ωp (eV) γ (eV) f1 (eV) ω1 (eV) γ1 (eV) λENZ (nm)
AZO 3.5402 1.7473 0.04486 0.5095 4.2942 0.1017 1416
GZO 3.2257 1.9895 0.1229 0.3859 4.05 0.0925 1184
ITO 3.528 1.78 0.1549 0.3884 4.21 0.0919 1389
Figure 2 shows the dependence of the TCO permittivity on
the incident light wavelength calculated using Eq. 1.
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Fig. 2. Dependences of the real (solid line) and imaginary
(dashed line) parts of the TCO permittivity on the incident
radiation wavelength.
It can be seen that the real part of the permittivity takes near-
zero value in the near-infrared (IR) spectral range. In particular,
we have<εAZO ≈ 0 at λ = 1416 nm, <εGZO ≈ 0 at λ = 1184 nm
and <ε ITO ≈ 0 at λ = 1389 nm (see. Table 1). We will seek for
localized states in the vicinity of these points.
3. COUPLED MODE THEORY
According to temporal coupled mode theory [40, 41], any state
(resonance) has its own frequency ω0 and number N of energy
flow outside and inside the resonance. In this case, the energy
loss in the channels is described by the relaxation times τl , where
l = 1...N. We assume that the state is described by complex
amplitude A and energy |A|2.
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Fig. 3. Dependence of the absorptance of the TCO films on
their transmittance at different film thicknesses. The points
of intersection of the lines with the green line meet critical
coupling conditions (Eq. 13).
The state can be presented as a sum of the incoming and
outgoing energy flows with amplitudes sl±. If the energy leaves
the state along two energy channels with relaxation times τ1
and τ2, then the relaxation time of the state is determined as
1/τ = 1/τ1 + 1/τ2. In this case, the variation in amplitude A
obeys the equation:
dA/dt = −iω0A− A/τ, (2)
which has the solution A(t) = A(0)e−iω0t−t/τ .
We can rewrite Eq. 2 with regard to the amplitudes of the
incoming and outgoing energy flows sl± as:
dA/dt = −iω0A− A/τ1 − A/τ2 + α1s1+ + α2s2+, (3)
where sl− = βlsl− + γlA. Here αl and γl are the quantities
that characterize the channel coupling and β is the coefficient
of energy reflection in the channel. The model, however, can
adequately describe the properties of the localized state even
with disregard of these parameters. It is sufficient to know the
relaxation time τ and frequency ω0 of the state. The final form
of the change in the amplitude of the localized state field is
dA
dt
= −iω0A−
2
∑
l=1
A/τl +
2
∑
l=1
√
2
τl
sl+, (4)
and the amplitudes of the flows are related as:
sl− = −sl+ +
√
2
τl
A. (5)
Using Eq. 4 and Eq. 5 , we may predict the transmission spec-
trum of the structure. In the general case, the transmittance is
a ratio between the amplitudes of the incident and transmitted
waves T(ω) = |s2−|2 / |s1+|2 , at s2+ = 0. The incident radia-
tion with frequencyω will decay according to the law e−iωt, and
dA/dt = −iωA. Under these conditions, Eq. 4 and Eq. 5 can
be written in the form
−iωA = −iω0A−
2
∑
l=1
A/τl +
√
2
τ1
s1+,
s1− = −s1+ +
√
2
τ1
A, s2− =
√
2
τ2
A
(6)
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Fig. 4. Reflectance spectra of a PC conjugated with (a) AZO, (b) GZO and (c) ITO layers of different thicknesses.
and the transmittance as:
T(ω) =
2
τ2
|A|2
|s1+|2
=
4
τ1τ2
(ω−ω0)2 +
(
1
τ1
+ 1τ2
)2 . (7)
The reflectance is determined analogously: :
R(ω) =
|s1−|2
|s1+|2
=
(ω−ω0)2 +
(
1
τ1
− 1τ2
)2
(ω−ω0)2 +
(
1
τ1
+ 1τ2
)2 . (8)
The absorptance includes all the types of losses is determined
from the energy conservation law T(ω) + R(ω) + A(ω) = 1.
These energy coefficients have the corresponding peaks in the
form of Lorentzian contours with the full width at half maximum
2γ =
N
∑
l=1
1
τl
, (9)
where γ is the amplitude relaxation rate, which is equal to the
ratio between the power of energy relaxation to the channel and
the energy accumulated in the state (resonance).
For one channel, we have l = l1. In this case, the reflection
amplitude can be written in the form
rl = −1 + 2γli(ω0 −ω) +∑ γl1
. (10)
The zero reflection is only possible under the critical coupling
conditions, i. e., at ω = ω0:
rl(ω = ω0) = 0. (11)
4. RESULTS AND DISCUSSION
In the structure under study, three energy channels contribute
to the TPP formation (Fig. 1).
We denote the rates of energy relaxation to the TCO transmis-
sion, absorption and PC transmission channel by γTCO , γA and
γPhC, respectively. The state relaxation rate is the ratio between
the leakage power and the accumulated energy. In particular,
for the radiation incident onto and reflected from the TCO layer
(first channel), the relaxation rate is γTCO. For the radiation
absorbed by the TCO film (the second channel), it is γA. The
radiation incident from the side of the Bragg mirror makes the
third energy channel, which is characterized by the relaxation
rate γPhC.
Since the energy accumulated in the TPP is the same for
determining the rate of relaxation to each channel, the relaxation
rates and corresponding energy coefficients of the structure are
related as [14]:
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Fig. 5. Local field intensity distribution at the TPP wavelength
normalized to the input intensity for the cases of conjugation
of a PC with the AZO, GZO and ITO films. The green line
shows the spatial distribution of the refractive index of the PC
layers. The simulation parameters are presented in table 2.
γTCO : γA : γPhC = TTCO : ATCO : TPhC. (12)
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Fig. 6. Reflectance spectra for (a) the AZO-PhC, (b) GZO-PhC and (c) ITO-PhC structures at different angles of incidence of the
radiation onto the structure.
Under excitation of the TPP from the TCO and opaque PC
side, one of the energy relaxation channels can be ignored. Then,
critical coupling condition (12) can be written in the form:
γTCO = γA; γPhC = 0⇔ TTCO = ATCO; TPhC = 0. (13)
Critical coupling equation 13 for the AZO, GZO and ITO
films can be solved graphically. To do this, we should build
the dependence of the absorptance of the TCO films on their
transmittance ATCO(TTCO). We consider the TCO film with re-
fractive index n2 , which is located between two dielectric media
with the refractive indices n1 = n3 = 1. The transmittance, re-
flectance and absorptance of the TCO film are determined using
the Airy formulas
TTCO =
n3
n1
∣∣∣∣ t12 + t23eiβ1 + r12r23e2iβ
∣∣∣∣2, RTCO = ∣∣∣∣ r12 + r23e2iβ1 + r12r23e2iβ
∣∣∣∣2,
ATCO = 1− TTCO − RTCO;
(14)
where β = 2pin2dTCO/λ0 is the phase incoming during the
passage of the layer by the wave; λ0 is the wavelength; dTCO
is the TCO film thickness; t12 = 2n1/(n1 + n2), r12 = (n1 −
n2)/(n1 + n2) and t23 = 2n2/(n2 + n3), r23 = (n2 − n3)/(n2 +
n3) – are the amplitudes of transmission and reflection at the
interfaces 1-2 and 2-3.
The obtained dependences are presented in Fig. 3, which
shows that for the AZO film the critical coupling condition is es-
tablished at the lower transmittance and absorptance, i. e., at the
lower energy relaxation rates the sum of which determines the
resonance spectral linewidth. Thus, under the critical coupling
conditions, the resonance line and, consequently, the absorption
band of the AZO film are narrower than for the GZO and ITO
films. In addition, it means that at the conjugation of a PC with
the AZO film, the TPP Q factor is maximal.
To check this fact, we calculated the transmission spectra of
the PC structure by the transfer matrix method [42], in which the
amplitudes of the incident and outgoing waves are connected
by the 2x2 matrices multiplication:
M = T01T12...TN−1,NTN,S, (15)
where the transfer matrix is
Tn−1,n =
1
2
 (1 + h) e−iαnγn (1− h) eiαnγn
(1− h) e−iαnγn (1 + h) eiαnγn
 , (16)
Here h =
√
εn/εn−1, ε (n)) is the permittivity of the nth layer,
αn = (ω/c)
√
ε (n), c is the speed of light, γn=zn–zn−1 are the
layer thicknesses (n=1,2,. . . ,N), zn is the coordinate of the in-
terface between the nth layer and the (n+1)th layer adjacent
from the right, and γN+1 = 0. The transfer matrix for the or-
thogonally polarized wave is obtained from (16) by replacing
h for
√
εn−1/εn. The energy transmittance, reflectance, and
absorbance are determined as
T (ω) =
1∣∣Mˆ11∣∣2 , R (ω) =
∣∣Mˆ21∣∣2∣∣Mˆ11∣∣2 , A(ω) = 1−T(ω)−R(ω).
(17)
where Mˆ11, Mˆ21 – are the elements of matrix Mˆ .
For certainty, we take silicon dioxide (SiO2) and zirconium
dioxide (ZrO2) as materials of the alternating PC layers. The
number of PhC layers is N = 41 for all the presented structures.
The thicknesses of the PC layers conjugated with the AZO, GZO
and ITO films are given in Table 2.
Table 2. Parameters of the structures
Structure da (nm) db (nm) dTCO (nm) λTPP (nm) εTCO(λTPP)
AZO-PhC 220 208 480 1417 -0.011+0.2063i
GZO-PhC 200 160 280 1188 -0.024+0.424i
ITO-PhC 220 195 240 1381 0.034+0.6615i
The calculated data are presented in Fig. 4. It can be seen that,
inside the PC band gap, the TPPs is formed in the wavelength
ranges where the real part of the TCO permittivity is near-zero.
In particular, at the conjugation of a PC with the AZO film, the
TPP wavelength is λ = 1417 nm and Q ≈ 20; at the conjugation
with the GZO film λ = 1188 nm and Q ≈ 11; at the conjugation
with the ITO film λ = 1381 nm and Q ≈ 7, respectively. The
permittivities of the oxides at these wavelengths are εAZO =
−0.011 + 0.2063i, εGZO = −0.024 + 0.424i and ε ITO = 0.034 +
0.6615i (see. Table 2).
It is worth noting that the critical coupling condition is estab-
lished at film thicknesses of dAZO = 480 nm, dGZO = 280 nm,
dITO = 240 nm (Table 2). The TCO thickness in this case is much
greater than thickness of metal film used for the formation of
conventional TPP. A larger reflection from the TCO film with a
small dielectric permittivity can be achieved by increasing its
thickness. Therefore, it is preferable to use thick films of TCO to
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Fig. 7. Reflectance spectra of the air-TCO-silicon dioxide struc-
tures.
achieve the critical coupling condition of the incident field with
TPP. Figure 4 shows that the spectral linewidth corresponding
to the TPP is minimum at the conjugation of a PC with the AZO
film (Q≈ 20), which is consistent with the predictions of the tem-
poral coupled mode theory. The TPP linewidth is maximal at
the conjugation of the PC with the ITO film (Q≈ 7). In this case,
the broadband TPP is formed inside the PC band gap [43, 44].
Fig. 8. Dependences of the real (solid line) and imaginary
(dashed line) parts of the TCO permittivity on volume con-
centrations of the doping metal. The circles represent exper-
imental data from [24] and solid lines represent interpolated
data.
It should be noted that the TPP is formed not only for the
negative real part of the permittivity of the TCO, but also for
the positive ones (see. Table 2). We propose the following ex-
planation of the TPP formation at the positive TCO permittivity.
Figure 7 shows the calculated dependence of the reflection on
ReεTCO/εa for the normal incidence of light on a finite TCO
layer, which is located between SiO2 and air. Reflectances of the
TCO films are determined using the Airy formulas (Eq. 14). It
can be seen that at small positive and small negative Re εTCO/εa
values, the reflection of the AZO, GZO and ITO attains 48%,
29% and 20%, respectively, which facilitates the formation of a
localized state at the PhC-TCO interface in all three cases.
The spatial distributions of the local field intensity at the
TPP frequencies are presented in Fig. 5. It can be seen that the
light field localization at the TPP wavelength for the AZO-PhC
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Fig. 9. Reflectance spectra for (a) the AZO-PhC, (b) GZO-PhC,
and (c) ITO-PhC structures at different volume concentrations
of the doping metal. The TCO layer thicknesses are dAZO =
480 nm, dGZO = 280 nm and dITO = 260 nm. The legend is
valid for all the three plots.
structure is higher by 77 and 152% than for the GZO-PhC and
ITO-PhC structures, respectively. In addition, note that the light
field in the TPP is localized in the region comparable with the
wavelength.
The change of the angle of incidence of the radiation onto
the structure is an effective tool for controlling the TPP wave-
length. Figure 6 shows the reflectance spectra of the investigated
structures at different angles of incidence θ of the radiation.
It can be seen that for all the three investigated configurations,
the TPP wavelength shifts to the shorter-wavelength spectral
range for both the TE and TM modes. In this case, the TPP
spectral linewidth increases only for the TM modes, while for
the TE modes it remains nearly invariable. In order to estimate
the spectral line broadening, we present (Fig. 6) the comparative
transmittance spectra at θ = 0◦ for all the structures, θ = 20◦
for AZO-PhC, θ = 25◦ for GZO-PhC and ITO-PhC. In this case,
the lines are broaden by 20, 25 and 30%, respectively. It should
be noted that, here, the TPP is formed at the small positive
values of the real part of the TCO permittivity. In particular,
for the AZO-PhC structure, at an angle of incidence of θ = 20◦,
the TPP wavelength is 1386 nm and the permittivity takes the
value εAZO = 0.1645 + 0.1932i. The reflectance of the AZO
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film at these parameters is 25%. This value is sufficient for
TPP localization. In the GZO-PhC and ITO-PhC structures, the
mechanism of the TPP formation is analogous to that described
above.
The change of the volume concentration of a doping metal
can be used to effectively control the optical properties of the
TCO materials and as a results the TPP wavelength. In [24]
authors have shown that the change of the volume concentration
of a doping material leads to a significant change the γ in Eq. 1
The dependencies of the dielectric permittivity of TCO on the
volume concentration dopant metal are shown in figure 8. The
results are obtained at a fixed wavelength of incident radiation
equal to the wavelength of TPP (see Table 2). It can be seen from
this figure that in the studied range of volume concentrations the
dielectric permittivity of AZO changes to a greater extent than
for GZO and ITO. Thus, the reflection spectra of the AZO-PhC
structure should be most sensitive to changes in the volume
concentration of the dopant material. To verify this assumption,
the reflectance spectra of the structure were calculated. The
results are shown in figure 9. In Fig. 9b the change in the Ga
volume concentration in zinc oxide leads to the blue shift of
the TPP wavelength. For ITO, the picture is different, since the
TPP wavelength undergoes the red shift (Fig. 9c). The maximal
sensitivity of the reflectance at the TPP wavelength is attained
at the conjugation of a PC with the AZO layer (Fig. 9a). In this
case, a decrease in the Al volume concentration from 8 to 7%
and lower leads to a decrease in the reflectance at the localized
state wavelength by more than three orders of magnitude. This
behavior of the reflection coefficient at the wavelength of TPP is
explained by the strong dependence of the optical properties of
the AZO film on the volume concentration of Al. So the change
in the concentration of Al by 1wt% (from 8 to 7) increases γ
nearly twice (from 0.0167 to 0.02963). As a result, the drastic
variation of film dielectric constant leads to violation of the
critical coupling conditions (Eq. 13). It should be noted that for
GZO and ITO films the corresponding change in γ is less than
7%, and the detuning from the critical coupling conditions is
slight.
5. CONCLUSION
We examined the TPPs localized at the interface between a PC
and epsilon-near-zero TCO film. The possibility of the localized
state formation was predicted analytically and implemented
numerically by transfer-matrix method. Using the temporal
coupled-mode theory, we have determined that for AZO-PhC
structure TPP has a high Q factor while for ITO-PhC a spectral
line is broader. These results were confirmed by the calculation.
It was installed that the light field localization at the TPP wave-
length for the AZO-PhC structure is higher by 77% and 152%
than for the GZO-PhC and ITO-PhC structures, respectively. We
established that the change in the volume concentration of the
dopant makes it possible to effectively control the reflection at
the TPP wavelength. In particular, for AZO film the change
in the indium concentration by 1% (from 8 to 9%) leads to the
change in the reflectance at the TPP wavelength by more than
three orders of magnitude. It was shown that the change in the
angle of incidence of the radiation onto the structure is an effec-
tive way of controlling the TPP spectral linewidth and position
inside the band gap. For the GZO and ITO films, the broadest
spectral line is obtained at an angle of incidence of 25◦. Our in-
vestigations develop the idea about the possible TPP formation
at the interface between a PC and epsilon-near-zero materials.
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